Inkoo virus (a bunyavirus) was grown in BHK-21 cells and labelled with [3SS]methionine or [3H]mannose. [35S]Methionine labelled the two envelope glycoproteins G1 (Mr = 125000) and G2 (Mr = 35000), as well as the nucleocapsid protein N (Mr = 25000). Only G1 and G2 were labelled with the sugar precursor. The [3H]mannoselabelled virus was solubilized with detergent and digested with Pronase. The structure of the labelled glycopeptides originating from the mixture of G 1 and G2 was studied by degrading the glycans stepwise with specific exo-and endoglycosidases, and by analysing the products by both gel and paper chromatography, as well as lectin-affinity chromatography. Three classes of N-glycosidic glycans were found: complex glycans with the monosaccharide sequence (NeuNAc~GalpGlcNac/~)_>2 (Man)3 (GIcNAc)2 (occurrence of fucose was not studied), high mannose-type chains with the average structure (Man)4_6 (GIcNAc)2, and endoglycosidase H-resistant small glycans which were partly susceptible to mannosidase. These latter types of oligosaccharide chains are a novel finding among virus glycoproteins. The relative ratio of the three types of oligosaccharide chains was roughly 4.6:1 : 1 respectively. The G 1 glycoprotein carried most of the sugar chains, since it contained 85 ~o of the [3H]mannose label. The results are discussed in relation to the site of virus maturation at smooth-surfaced vesicles in the Golgi region.
INTRODUCTION
Inkoo virus belongs to the Bunyavirus genus of the Bunyaviridae (Brummer-Korvenkontio et al., 1973; Bishop et al., 1980) . One of the characteristics of the Bunyaviridae is that they appear to mature intracellularly into smooth-surfaced vesicles in the region of the Golgi apparatus (Murphy et al., 1973; Lyons & Heyduk, 1973; Bishop & Shope, 1979) . Release of virions is likely to occur by fusion of the virus-containing vesicles with the plasma membrane of the host cell. A similar mode of maturation appears to take place for the coronaviruses (Holmes & Behnke, 1981) . This is in contrast to most other enveloped RNA viruses, which bud at the plasma membrane. The protein-bound glycans of these viruses are synthesized as the polypeptides pass along the pathway from the rough endoplasmic reticulum via the Golgi apparatus to the plasma membrane (Bergmann et al., 1981; Green et al., 1981) . Thus, the bunyaviruses seem to be assembled into virions before the envelope glycoproteins have completed the intracellular pathway from their site of synthesis to the plasma membrane. We wanted to see whether interruption of the transport of the envelope glycoproteins of Inkoo virus by virion assembly affected their glycosylation. We have recently found that the protein-bound glycans of Uukuniemi virus, another member of the Bunyaviridae and the prototype of the Uukuvirus genus, consist of sialylated complex glycans and high mannose-type glycans. Additionally, small endoglycosidase H-resistant chains were found, which we suggested to be incomplete complex chains (NeuNAc, sialic acid; Gal, galactose; GlcNAc, N-acetylglucosamine; Fuc, Fucose; Man, Mannose.) Part of the glycopeptides have more than two NeuNAc-Gal-GlcNAc branches Rasilo & Renkonen, 1979) . SFV was grown in BHK-21 cells and labelled with [2-3H]mannose as described previously , solubilized with SDS and Pronase-digested. The complex and the high mannose-type glycopeptides were isolated by affinity chromatography on concanavalin A-Sepharose (Mattila & Renkonen, 1978) . The glycopeptides were degraded stepwise with mild acid, fl-D-galactosidase and fl-N-acetylglucosaminidase, and with endoglycosidase D as described above, to yield a marker for each degradative step.
Lectin-affinitychromatography. A 1 x 15cmcolumnofconcanavalinA-Sepharose4B(Pharmacia)waswashed with 0.01 M-Tris-HCI buffer pH 7.5, containing 0.1 M-NaCI and 0-02~ each of NAN3, CaCI2, MgC12 and MnC12. The bound glycopeptides and glycans were eluted with 0-005 M-or-methyl mannoside and subsequently with 0.2 Met-methyl mannoside (Sigma) in the same buffer. Fractions (2 ml) were collected at room temperature with an elution rate of about 10 ml/h. A 0-7 x 10 cm column of Ricinus communis agglutinin (RCA) coupled to Sepharose IP: 54.70.40.11
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Protein-bound glycans of lnkoo virus 427 4B (10 mg/ml) was washed with phosphate-buffered saline (PBS) at 4 °C. The bound glycopeptides were eluted with 0,1 galactose in PBS. The glycopeptides were allowed to absorb to the lectin for 15 min prior to the run. Fractions (1.5 ml) were collected at 4 °C with an elution rate of about 10 ml/h. The RCA-Sepharose was a kind gift from Dr C. Gahmberg.
Paper chromatography. Descending paper chromatography was performed on Whatman no. 1 paper developed with pyridine : ethyl acetate : acetic acid : water (5 : 5 : 1 : 3, by vol.). Strips of 1 cm were soaked with 0-5 ml water and counted for radioactivity.
Other methods, fl-Elimination was carried out in 100 p_l 0-02 M-NaOH in 1 M-NaBH, at 45 °C for 17 h. The reaction was stopped with a drop of acetic acid. Desialylation was carried out in 150 ~1 0.05 M-H2SO4 for 1 h at 80 °C. Radioactivity was determined in a xylene-Triton X-100 scintillation fluid using a Wallac 81000 scintillation counter. 
RESULTS

Glycoproteins of Inkoo virus
Isolation of three types of glycans
The [3H]mannose-labelled virus was solubilized with 0.1 ~ SDS and digested with Pronase. Gel chromatography of the digest showed a major peak and a shoulder with the apparent mol. wt. of about 3700 and 2100 respectively ( Fig. 2, solid circles) . The Pronase-digested glycopeptides were desalted and then either subjected to fl-elimination or digestion with endoglycosidase H.
fl-elimination specifically cleaves O-glycosidic glycopeptide linkages (Carlson, 1968) . This treatment resulted in the reduction of the apparent mol. wt. of the major peak of 3700 to 3200, although the size of the smaller mol. wt. material was not affected, as shown by gel chromatography (data not shown). Thus, fl-elimination hydrolysed some sialic acid residues (see below) but not the glycopeptide linkage. This means that the glycopeptide linkage most probably was of the N-glycosidic type, where N-acetylglucosamine joins the glycan to an asparagine residue of the polypeptide backbone (Struck & Lennarz, 1980) . Endoglycosidase H hydrolyses the N,N'-diacetylchitobiose linkage of high mannose-type glycans (Tai et al., 1977 ; Tarentino et al., 1974) . The endoglycosidase H digest was separated by gel chromatography into three peaks with apparent mol. wt. of about 4300, 1900 and 900 ( Fig. 2 , open circles). These peaks contained 57~o, 19~ and 24~o of the label respectively. The peaks were pooled separately (fractions 21 to 27, 30 to 34 and 38 to 44) and desalted for further analysis.
Complex glycopeptides
The monosaccharide sequence of the 4300 mol. wt. material (Fig. 2 , open circles, fractions 21 to 27) was studied by sequential degradation of the glycans by exohydrolases and by following the reductions in mol. wt. by gel chromatography. The protocol was based on the hypothesis that the material represented complex oligosaccharides. As markers for each degradative step we used [3H]mannose-labelled complete Pronase-digested glycopeptides of SFV, degraded an-
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alogously to the glycopeptides of Inkoo virus. The glycans of SFV have mainly the structure (NeuNAc-GaI-GIcNAc)2 3(Man)3-GIcNAc(Fuc)GlcNAc- (Pesonen & Renkonen, 1976; Pesonen et al., 1979; Rasilo & Renkonen, 1979) . The Inkoo virus glycopeptides were first subjected to neuraminidase digestion. The apparent mol. wt. was reduced to about 2800 ( Fig. 3 , open circles) which corresponds to the value of the desialylated complex glycopeptides of SFV in this gel chromatography system. At the same time, about 20% of the label was released as smaller mol. wt. material, the identity of which is not known, and was also generated by desialylation after mild acid hydrolysis. After desialylation the Inkoo virus glycopeptides were desalted and digested with fl-galactosidase together with N-acetyl-fl-D-glucosaminidase. A double peak was obtained ( Fig. 3, solid circles) . The major peak eluted in a slightly larger volume than the analogously treated SFV marker, which has the structure (Man)3-GlcNAc(Fuc)GlcNAc-peptide. The apparent mol. wt. of the peaks were about 1600 and 800. Apparently, the glycan moieties of both peaks were quite similar and terminated in mannose residues, since, when the digest was treated further with a mixture of orand fl-mannosidase, all radioactivity was converted into [3H]mannose ( Fig. 3, solid triangles) . When the glycopeptides were treated with the mannosidase after removal of only sialic acid and galactose no [3H]mannose was released, indicating that the mannosidase preparation was free of N-acetylglucosaminidase activity. When the galactosidase + N-acetylglucosaminidase digest was desalted and treated with endoglycosidase D, the double-peak material was converted, almost quantitatively, into a narrow peak with the apparent mol. wt. of 650 ( Fig. 3 , open triangles). The SFV marker Manctl-6(Manctl-3)Manfll-4GlcNAc generated by an analogous degradation scheme, eluted in the same volume in gel chromatography. The size of the endoglycosidase D-released glycan was confirmed by paper chromatography, which is able to resolve even positional isomers of (Man)3GlcNAc . About 90 ~o of the Inkoo virus glycan migrated in paper chromatography like the SFV marker Manctl-6(Man0tl-3)Manfll-4GlcNAc (data not shown). Thus, the heterogeneity revealed by gel chromatography after release of the sialic acid, galactose and distal N-acetylglucosamine residues of the complex glycans of Inkoo virus must occur in the peptide moiety of the glycopeptide released by endoglycosidase D. Protease and/or N-acetylglucosaminylasparaginase contamination of the N-acetylglucosaminidase preparation could explain the results.
To confirm that the glycans had sub-terminal galactose residues we analysed the desialylated glycopeptides on a column of RCA coupled to Sepharose, which binds terminal galactose residues (Olsnes et al., 1974; Baenziger & Fiete, 1979 b) . About 88 ~ of the desialylated glycopeptides were bound to the lectin; 43 ~ of the bound material showed retarded elution with sugarfree buffer, and 57 ~ could be displaced from the column with 0.1 M-galactose. A 12 ~ amount of the label did not bind to the lectin, but could be washed off with sugar-free buffer (Fig. 4b ).
Intact glycopeptides, or glycopeptides obtained after removal of sialic acid and galactose residues, did not bind to the lectin ( Fig. 4a and 4c respectively) .
Concanavalin A differentiates between different substitution patterns of the ct-mannose residues of N-glycosidic glycans (Baenziger & Fiete, 1979a; Krusius et al., 1976) . Thus, the number of NeuNAc-Gal-GIcNAc branches attached to the mannosyl core of complex glycans can be analysed by affinity chromatography on concanavalin A-Sepharose. From the [3H]mannose-labelled intact complex glycopeptides of Inkoo virus about 18 ~ could be washed off with sugar-free buffer, and thus represented multi-branched complex chains (Fig. 5a ). About 61 ~ of the label was bound weakly to the lectin and was eluted with 5 mM-0t-methyl mannoside, and thus consisted of two-branched glycans. About 21 ~ of the label could be eluted only with 200 mM-ct-methyl mannoside and therefore consisted of other than complex type glycopeptides (see below).
In conclusion, the major type of protein-bound glycans of Inkoo virus consists of complex oligosaccharides with the sequence (NeuNAcctGalflGlcNAcfl)2(Man)3(GlcNAc)2-peptide. About 25~ of the chains have more than two NeuNAc-GaI-GlcNAc branches. The degree of sialylation, as well as the occurrence of fucose, was not studied here and remain unknown. The complex glycans contained about 57 ~o of the mannose label, which corresponds roughly to 70 of the oligosaccharide chains. 
High mannose-type glycans
The initial apparent mol. wt. of the high mannose-type (endoglycosidase H-susceptible) glycopeptides was about 2100 (Fig. 2, solid circles, fractions 29 to 31) . Endoglycosidase H digestion released a glycan of about 900 daltons (Fig. 2, open circles, fractions 38 to 44) . The glycans eluted in gel chromatography like the high mannose-type glycans of SFV, which have the structure (Man)4_6(GlcNAc)2 (Mattila & Renkonen, 1978) (Fig. 6, position of arrow 1 ). An 85 ~ proportion of the glycans of Inkoo virus bound firmly to concanavalin A-Sepharose and could be eluted with 200 mM-~-methyl mannoside (Fig. 5b) , and 15~ was weakly bound and eluted by 5 mM-~-methyl mannoside. High affinity to concanavalin A is a property of high mannose-type chains (Baenziger & Fiete, 1979 a; Krusius et al., 1976) . The majority of the high mannose-type glycans appeared to terminate with mannose residues. Treatment of the glycans with a mixture of~-and fl-mannosidase released about 71 ~ of the label as [3H]mannose (Fig. 6,  open circles) . Addition of N-acetylglucosaminidase to the reaction mixture resulted in the liberation of 83 ~o of the label as [3H]mannose (Fig. 6, closed circles) . The nature of the terminal residues in the remaining 17~ of the material is not known. The high mannose-type glycans contained 24 ~o of the [3H]mannose label in the virions. If the average structure of these chains is 
Intermediate glycopeptides
The initial apparent mol. wt. of the intermediate glycopeptides was about 1800 (Fig. 2, open circles, fractions 30 to 34). Mannosidase digestion released 22% of the radioactivity as free [3H]mannose (Fig. 7, closed circles) . Double-digestion with N-acetylglucosaminidase and mannosidase resulted in the release of 65% of the radioactivity as [3H]mannose (Fig. 7, open circles) ; 35 % of the material remained undigested and had an apparent tool. wt. of about 2200. Lack of material prevented us from performing a more detailed sequence analysis of these glycopeptides. It appears that 65 % of the material had branches terminating partly in mannose and partly in N-acetylglucosamine.
DISCUSSION
Inkoo virus, like other members of the Bunyaviridae (von Bonsdorff et al., 1969; Saikku et al., 1971 ; Bishop et al., 1980) is surrounded by a lipoprotein membrane containing two envelope glycoproteins, G 1 and G2. Here we describe the presence of three classes of glycans bound to these proteins in the virion. The most abundant type of oligosaccharide chains (about 70%) represented complex glycans with the monosaccharide sequence (NeuNAc~Gal/JGIcNAc/~)__ 2-(Man)s(GlcNAc)2-peptide. The sequence was elucidated by sequential degradation of the glycans by specific exo-and endoglycosidases. The products of each degradative step were analysed by following the reductions in apparent mol. wt. by gel chromatography and the exposure of intemal monosaccharides by lectin-affinity chromatography. The number of the NeuNAc~GalflGlcNAc-branches was studied by affinity chromatography on concanavalin A-Sepharose, which differentiates between different substitution patterns of the core ~-mannose residues to which the branches are attached (Krusius et al., 1976; Baenziger & Fiete, 1979a) . The core (Man)3(GlcNAc)2-peptide could be hydrolysed by endoglycosidase D, which requires the sequence Man~l-3Man/~l-4GlcNAc/~l-4GlcNAc for activity (Tai et al., 1975) . Moreover, the endoglycosidase D-released glycan of Inkoo virus migrated in paper chromatography like the SFV marker Man~l-6(Man~l-3)Man/~l-4GlcNAc. This indirect evidence suggests that the core of Inkoo virus complex glycopeptides is similar to the core of SFV, Sindbis virus and vesicular stomatitis virus (VSV) complex glycans Burke & Keegstra, 1979; Etchinson et al., 1977; Reading et al., 1978) . The degree of sialylation and occurrence of fucose were not studied here.
The endoglycosidase H-susceptible high mannose-type glycans, which constituted about 15 ~o of the total oligosaccharide chains, appeared to have the average structure (Man),_6 (GlcNAc), but a part of the molecules seemed to be blocked by N-acetylglucosamine residues. About 17 ~ of the endoglycosidase H-released glycans could not be degraded by a double-digestion with mannosidase and N-acetylglucosaminidase. The reason for this remains unknown.
The third class of glycans comprised small endoglycosidase H-resistant molecules. About 65 of them appeared to terminate partly in mannose and partly in N-acetylglucosamine. The small amount available of this glycopeptide species did not allow further structural analysis. The presence of an intermediate type of glycan in Inkoo virus and Uukuniemi virus , another bunyavirus, represents a novel finding among glycoproteins of enveloped RNA viruses and the significance of this will be discussed below.
It can be estimated that the relative amounts of the complex, high mannose and the intermediate types of glycans in Inkoo virus were roughly 4.6 : 1 : 1. Most of the oligosaccharide chains were attached to G 1, since it contained 85 ~ of the [3H]mannose label. In Uukuniemi virus the ratio of the three classes of glycans was found to be 2:1:2.8 respectively. Most of the complex and intermediate type of glycans of this virus appeared to be attached to G1, whereas the high mannose-type glycans were probably linked to G2 .
There are very few reports on the glycan structure of other bunyaviruses. Two members of the California encephalitis serogroup, snowshoe hare and trivittatus virus, have been suggested to contain complex glycans, since the envelope proteins could be labelled with [3H]glucosamine, and the glycans were susceptible to neuraminidase treatment (Vorndam & Trent, 1979) . Madoff & Lenard (1982) have recently analysed the glycan structure of La Crosse virus and found endoglycosidase H-resistant glycans attached to the G 1 glycoprotein.
It has recently been established that the envelope glycoproteins of SFV and VSV are transported from the rough endoplasmic reticulum through the Golgi apparatus to the plasma membrane of the host cell, where they are assembled into virions (Bergmann et al., 1981 ; Green et al., 1981) . The nascent polypeptides are N-glycosylated by primary glycans Hubbard & Robbins, 1979) , which are processed to yield the final complex and high mannose chains as the polypeptides pass along the transport route (Li & Kornfeld, 1979; Kornfeld et al., 1978; Kornfeld & Kornfeld, 1980) . Most of the trimming of the glycan appears to occur in the Golgi apparatus, since relevant glycosidases and transferases are enriched in this organelle (Bretz et al., 1980; Munro et al., 1975 ; Harpaz & Schachter, 1980) . The G protein of VSV contains only complex glycans, whereas the virion glycoproteins of SFV contain both complex-type and high mannose-type glycans. We have recently shown that the glycoproteins of Uukuniemi virus contain the same three classes of glycans as Inkoo virus: complex, high mannose, and small endoglycosidase H-resistant intermediate-type glycans terminating partly in mannose and partly in N-acetylglucosamine residues . We have proposed that the latter type may represent glycosylation intermediates accumulating in virions due to the intraceUular maturation site of these viruses. Electron microscopic studies have shown that the bunyaviruses mature by budding through smooth-surfaced vesicles in the Golgi region (Murphy et al., 1973; Lyons & Heyduk, 1973; Bishop & Shope, 1979 ). This conclusion is also supported by our recent studies by immunofluorescence and immunoelectron microscopic techniques using specific antisera directed against the envelope glycoproteins or the nucleocapsid protein (E. Kuismanen, K. Hedman, J. Saraste & R. Pettersson, unpublished results). It is thought that virions are released from the cell by fusion of the virus-containing vesicles with the plasma membrane. The assembly of bunyaviruses thus appears to take place after the trimming of the oligosaccharide chains is completed. In support of this interpretation, results similar to those obtained for Uukuniemi and Inkoo virus have been obtained with SFV, when the transport of the glycoproteins is arrested in the Golgi apparatus by the ionophore, monensin. This drug blocks the transport of virus and cellular membrane glycoproteins from the Golgi apparatus to the exterior of the cell (Tartakoffet al., 1981 ; Kiiiiri/iinen et al., 1980) . In the presence of monensin, putative glycosylation intermediates (similar in structure to those found in Inkoo and Uukuniemi virions) of the biosynthetic pathway leading from high mannose-type glycans to complex oligosaccharides are found in the envelope glycoproteins of SFV (Pesonen & K/ifirifiinen, 1982) . The results presented here suggest that virus envelope glycoproteins, whose intracellular transport is arrested in well-defined subcellular organelles by virion assembly, may prove to be useful models in defining the transport signals of membrane glycoproteins.
